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Circularly polarized electric fields (CPEF) represent a highly promising low-energy defibrillation approach, demon-
strating exceptional efficacy in terminating life-threatening arrhythmias such as ventricular fibrillation while effectively
mitigating the myocardial injury risks associated with conventional high-voltage defibrillation. This study provides an
in-depth revelation of the mechanism by which CPEF induces excitation waves around naturally occurring heterogeneous
defects within heart tissue, thereby suppressing spiral turbulence. Through numerical simulations based on the LR1 model
and phase field method, we confirm that CPEF, due to its dynamic rotational properties, induces virtual electrode effects
around various defects. In conditions of low strength, CPEF adaptively excites these defects, thereby achieving synchro-
nized myocardial activation for defibrillation. In comparison with uniform electric fields (UEF), CPEF is more effective in
suppressing spiral turbulence by inducing periodic excitation waves around defects with irregular geometries. These find-
ings elucidate the biophysical principles underlying CPEF’s low-energy defibrillation capability, offering robust theoretical

support for developing non-invasive antiarrhythmic therapies.

Keywords: spiral, pattern formation, excitable system, virtual electrode
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1. Introduction

Arrhythmia, a cardiovascular disease characterized by ab-
normal electrical activity in the heart leading to rhythm disor-
ders, poses a serious threat to human life and health.!'] Among
the various forms of heart arrhythmia, ventricular fibrillation is
the most critical. The condition is characterized by accelerated
and uncoordinated electrical activity in the ventricular muscle,
leading to the deterioration of effective cardiac contraction and
ejection function. This, in turn, results in acute ischemia of
vital organs, such as the heart and brain.!?! Without prompt in-
tervention, patients can succumb to circulatory failure within
minutes.>* Clinically, traditional defibrillators employ high-
voltage direct current shocks to forcibly reset the heart’s elec-
trical activity. While high-energy shocks are effective at ter-
minating ventricular fibrillation and restoring sinus rhythm,
they are often associated with significant pain, myocardial in-
jury, and postoperative complications. This risk is particu-
larly pronounced in patients suffering from ischemic heart dis-
ease, where such interventions may cause secondary damage.
Consequently, the development of low-energy, low-trauma ar-
rhythmia intervention strategies has become a major focus in
electrophysiology and biomedical engineering research. 1>/

In recent years, low-energy defibrillation technology
based on the virtual electrode effect (VEE) has attracted con-
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siderable attention due to its non-invasive and cardioprotec-
tive properties. According to this theory, when an external
electric field is applied to myocardial tissue, heterogeneity
in dielectric properties triggers membrane potential redistri-
bution and localized polarization. Should the field strength
reach a certain threshold, these heterogeneities act as “virtual
electrodes”, thereby generating waves that promote synchro-
nized myocardial activation.!®”] In comparison with conven-
tional high-voltage shocks, VEE based strategies have been
shown to significantly reduce energy requirements and tissue
damage by leveraging the inherent anatomical features of the
heart. This offers a promising new paradigm for the treatment
of arrhythmia.

The configuration of the external electric field is of pivotal
importance in the implementation of VEE. A significant num-
ber of studies have employed uniform electric fields (UEF)
for stimulation purposes.[3~'4! While this approach facilitates
the simplification of theoretical modelling, it frequently fails
to align with the intricate spatial distribution of physiologi-
cal defects observed in actual heart tissue. Conversely, the
circularly polarized electric field (CPEF),[!>! which can be
formed by the superposition of two orthogonal alternating
electric fields with a phase difference, provides spatial adapt-
ability and overcomes the directional limitations of UEF. It
has been demonstrated that CPEF is capable of effectively
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eliminating spiral waves and turbulent states within chemical
systems.[!21 Experimental and computational studies have
demonstrated that spiral waves in heart tissue (e.g., pinned
spirals or spiral wave turbulence) bear a close resemblance
to clinical tachyarrhythmia, including ventricular tachycardia
and fibrillation.?>?3! In view of the findings outlined above,
a significant number of research groups have undertaken sys-
tematic investigations into the CPEF induced VEE to address
the elimination of pinned spiral waves (modelling re-entrant
tachycardia) and spiral wave turbulence (representing ventric-
ular fibrillation).[24-28]

As demonstrated in our previous research, in the case of
singular circular or elliptical defects, CPEF has been shown
to effectively terminate arrhythmia by inducing periodic exci-
tation in dynamically polarized regions in the vicinity of the
defects.?>3%1 However, real myocardial tissue contains vascu-
lar networks with tree-like structures and naturally occurring
defects that vary widely in size (from microns to millimeters),
shape (from circular to elongated), and spatial distribution.3!]
Existing single-defect models are inadequate for capturing the
multi-scale behavior of CPEF in such complex anatomical en-
vironments.

Consequently, this study proposes the construction of a
myocardial tissue model incorporating defects of diverse sizes,
shapes, and irregular distributions, with the aim of better ap-
proximating real physiological conditions. The objective of
this study is to elucidate the advantages and underlying bio-
physical mechanisms of CPEF in heterogeneous heart tissue
by comparing the excitation efficiency, electrical wave propa-
gation characteristics, and arrhythmia termination efficacy un-
der UEF and CPEF stimulation. This work provides a theo-
retical foundation for the optimization of low-energy defibril-
lation techniques and supports the development of novel ar-
rhythmia treatment devices based on electric field modulation.

2. Model and methods
2.1. Mono-domain reaction-diffusion equation

Our numerical simulations were based on the mono-
domain reaction-diffusion equation to characterize ion chan-
nel currents across the ventricular cardiomyocyte membrane.
The transmembrane potential (V) and no-flux boundary con-
ditions can be governed by

an/at = _Iion(vm7Y)/Cm+V'DVva (D
n-DVV, =0, 2)

where Cp, is the membrane capacitance, D is the diffusion co-
efficient, fion(Vim, y) is the total current, y is gating variables
characterizing the conductivity of various ion channels. n de-
notes the normal vector to the heterogeneity boundary. For
the LR1 model,3?33 I (Viy,, ¥) consists of a fast sodium cur-

rent Iy,, a slow inward current I, a time-dependent potas-
sium current I, a time-independent potassium current g, a
plateau potassium current Ikp, and a time-independent back-
ground current /,. They are obtained as solutions to a cou-
pled system of nonlinear ordinary differential equations. The
=)/,
where y represents the gating variable, 7, is its time constant,

differential equations are of the form dy/dz = (ye

and y. is the steady-state value of y. The specific formulas
refer to Refs. [32,33]. And the parameter values are those that
have the potential to form turbulent waves. 34

For the defects in myocardial media, they all have the
no-flux boundary conditions. To simulate the no-flux bound-
ary conditions in Cartesian coordinates, we use the phase field
method.3>-36] The phase field method can simulate the no-flux
boundary conditions on various complex geometric bound-
aries in Cartesian coordinates. It introduces a phase field ¢
into Eq. (1). First, ¢ is set to be 1 in the myocardial media,
and O in the defect and outside the media. Then, we use the re-
laxation method to smooth the value of ¢ near no-flux bound-
aries. The smoothed value of ¢ is determined by the following
formula:

09/t =EV?9—9G(9)/d9, 3)

where £ is a constant that controls the width of the boundary.
And G(¢) is a double-well function whose standard form is

G(9)=—(20—1)" /4+(29—1)"/8. &)

The function G(¢) has the form of a double-well potential
with minima at ¢ = 0 and ¢ = 1. To make the partial differ-
ential Eq. (3) have a stable solution, we set the space and time
step as dx? = 4dt. £ can control the width of the falloff area
around boundaries and is set to be 0.5dx in our simulations.

The phase field method then consists of replacing the
original diffusion term (e.g., in Eq. (1)) by a modified term
that involves the phase field ¢:

V-DVVy — %V-(¢DVVm)
— V- (DVVa)+V(Ing)- (DVVa). (5

2.2. The external electric field

Defects in heart tissue can be regarded as virtual elec-
trodes under the influence of an external electric field. In
essence, defects of any geometric shape trigger redistribution
of membrane potential when current flows through cellular tis-
sue, inducing depolarization and hyper-polarization to form
virtual electrodes. Specifically, as demonstrated in Fig. 1(a),
when an external current passes through a cell containing a de-
fect, it cannot traverse the discontinuity (defect boundary) and
flows solely from inside to outside the cell, causing membrane
potential to rise at that location. In the context of contempo-
rary conservation measures, the movement of ions is such that
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they return to the cell on the opposite side of the defect. This
phenomenon results in a decline in membrane potential at that
particular location. It can thus be concluded that the exter-
nal electric field redistributes the membrane potential around
the defect, as shown in Fig. 1(b). Depolarization, defined as
the flow of current in an outward direction, a shift in mem-
brane potential from negative inside to positive outside, and

(a) E—>

an increase in membrane potential, occurs on one side of the
defect. Conversely, hyper-polarization, defined as a decrease
in membrane potential, occurs on the other side. At this stage,
the defect functions as a virtual electrode. In the event of an
electric field strength that is sufficiently high, the depolarized

region will be capable of exciting a wave.

Extracellular

Intracellular

i
Bued

—83
—84

—85
—86

Fig. 1. Virtual electrode under the influence of an external electric field. (a) The figure refers to current flow direction inside and outside cells

under an external electric field. (b) The membrane potential distribution corresponds to the applied electric field strength of 0.1 V-cm

The general effect of an external electric field on a defect
can be mathematically represented by a Neumann boundary

condition!®37]

n-VVp=n-E or n-(VV,— E) =0, (6)

where F is the external electric field. To apply the above Neu-
mann boundary condition and the phase field ¢ to Eq. (1), the
hypothesis under consideration is that of an isotropic organi-
zation. The diffusion coefficient is a scalar. Therefore, the
following formula can be deduced:

OVin /0t = —Lion(Vin, ¥)/Cm + DV Vi
+D(V(Ing)-(VVn)) = (V(Ing)-E), (1)

when a UEF pulse was applied along the x-axis, the external
electric field E in Eq. (7) took the form E = (E,, 0) = (Ey, 0),
where E( denotes the field strength. To emulate such a UEF
under experimental conditions, a pair of positive and negative
electrodes, or two pairs arranged perpendicularly around the
heart, can be used to deliver direct current, thereby generating
a far-field matrix pulse within the heart tissue.!!”!

Vi /0t = —Lion(Vin, y)/Cim 4+ DV?Viy
+DV (Ing)-(VVy) —DEy(dIn¢/dx). (8)

For the CPEF, the same two perpendicular electrode pairs
were supplied with alternating currents to produce a rotating
field.['”! The CPEF was defined mathematically as

E (1) = (Ex, Ey) = (Eosin (o), Egcos (0t)), )

where E represents electric field strength and @ denotes the

(15

angular frequency of field rotation.!!>! In such conditions, the

-1

CPEF rotates clockwise, and Eq. (7) can be expressed as fol-
lows:

OV /0t = —Lion(Van, y)/Cin+ DV?Via +DV (In @) - (VVp)
—D(E;(dIng/dx)+Ey(dIng/dy)), (10)

where the membrane capacitance Cy, is set to be 1 uF- cm2,

and the diffusion coefficient D is set to be 0.001 cm?-ms~!. In
the case of two-dimensional media, the integration of Egs. (8)
and (10) is performed using the explicit Euler method. The
grid utilized for this simulation is a regular lattice. The dis-
cretization of space and time is determined by referring to the
study in Ref. [9], with the spatial step size set as Ax = Ay =
0.015 cm, and the temporal step size Az = 0.005 ms. This pa-
rameter selection satisfies the approximate CFL stability con-
dition, thereby ensuring the numerical scheme’s stability for
diffusion processes. Furthermore, following the refinement of
the grid and the subsequent re-run of the simulation, no sub-
stantial alterations in the results were observed, thereby sug-
gesting the grid independence of the outcomes under the se-
lected grid settings. The computation of the Laplacian term
V2V, is achieved through the implementation of a five-point-
stencil finite difference method. The gradient terms V (In¢)
and VV,, are addressed by means of the central difference
scheme.

3. Results

3.1. Virtual electrode-induced wave
ocardium

in resting my-

The heart is a highly heterogeneous organ, filled with
defects in conduction heterogeneity. These lesions may be
attributable to various etiologies, including but not limited
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to blood vessels, non-myocardial area, mechanically dam-
aged area, high-density area, cluster of severely damaged cell

a.381 1t is particularly noteworthy

monolayers, and uneven are
that blood vessels are distributed extensively throughout the
heart tissue. In the domain of cardiac anatomy, it is evident
that most of these structures exhibit elliptical or circular mor-
phology. It has been demonstrated that other shapes exhibit
irregularities, with their boundary curvature varying in a man-
ner that is analogous to an ellipse.

To present the heterogeneity of the actual heart, including
the presence of elliptical or circular structures such as blood
vessels, a two-dimensional resting myocardial medium was
constructed. This medium contained multiple heterogeneities
(defects) of varying sizes and shapes with a non-uniform spa-
tial distribution. In the numerical simulation undertaken, a
medium measuring 10 cm x 10 cm was selected, with defects
being introduced into the medium. The distribution, size,
quantity, and orientation of these defects are randomly gen-
erated. As illustrated in Fig. 2(a), each defect (m, n, 6) is pa-
rameterized by its long semi-axis m (cm), short semi-axis n
(cm), and an orientation angle 6 representing the inclination
relative to the x-axis.

To enhance the randomness and complexity of the sim-
ulation, the number of defects is determined by generating a
random integer between 1 and 10 using a uniform pseudo-
random number generator. Subsequently, the centre coordi-
nates of each defect are randomly generated using a random
scalar obtained from the same uniform pseudo-random num-
ber generator. In the subsequent stage of the process, the di-
mensions of each defect are defined as elliptical. The long
semi-axis (m) and short semi-axis (n) of each defect are ran-
domly generated within the range of 0.06 cm to 0.5 cm. Fi-
nally, the orientation angle (6) of each defect is randomly gen-
erated as a random integer within the range of 0 to 27 using
the uniform pseudo-random number generator. This random
sampling approach ensures that the defect combination in each
simulation is unique, thereby more closely approximating the
complexity and unpredictability of heterogeneous structures in
actual hearts.

When calculating the coordinates of defect boundary lo-
cations, the focal length ¢ is determined based on the ellip-
tical geometry property using the focal length formula ¢ =
m? — n?. Combining this with the center coordinates and ori-
entation angle, the coordinates of the two foci (x,y;) and
(x2, y2) of the ellipse are computed. The calculation formula
is as follows:

{xl :xo+ccpse, {xzzxo—ccpse, (11

Y1 =Yo+csin0, Y2 = yp—csin6.

The mathematical definition of an elliptical defect can be rig-
orously integrated into the following elliptic equation:

(- +-9?) "

1/2

(x4 0-w?) T <om @2

In the ensuing study, a medium containing ten defects with di-
verse geometries (illustrated in Fig. 2(b)) was selected for de-
tailed elucidation. The specific dimensions and shapes of these
defects are summarized in Table 1. The sizes of the defects
were designed to mimic natural vascular structures, incorpo-
rating both elliptical and circular forms, and were randomly
assigned to include a mix of large and small heterogeneities.
Their phases were systematically varied to ensure representa-
tive coverage of different orientations. Spatial locations were
randomized, resulting in a non-homogeneous distribution with
regions of varying defect density.

Table 1. The shapes and sizes of ten random defects.

Long semi-axis  Short semi-axis  Orientation angle

Defects

m (cm) n (cm) 0 (rad)
1 0.18 0.18 0
2 0.28 0.07 0
3 0.24 0.07 /2
4 0.16 0.06 S5m/12
5 0.20 0.10 10m/12
6 0.26 0.08 5m/12
7 0.22 0.08 11lz/12
8 0.14 0.06 /12
9 0.24 0.24 0
10 0.18 0.09 3n/12

As shown in Fig. 2(c), a continuous clockwise rotating
CPEF of low voltage was applied to the resting tissue. The
electric field strength was set to 0.6 V.cm™!, with a fixed an-
gular frequency 0.14 rad-ms~! (this angular frequency is fur-
ther employed in the following). The initial orientation of
the CPEF was aligned with the y-axis, with clockwise rota-
tion. Under the influence of the CPEF, each defect acted as a
virtual electrode, leading to wave emission around its periph-
ery. Specifically, the electric field induced a redistribution of
membrane potential around each heterogeneity, forming local-
ized polarized and depolarized regions. After approximately
t = 6 ms of continuous field application, wave emergence was
observed around the defects. By r = 17 ms, all defects ex-
hibited wave initiation. Within one full cycle of electric field
application, organized circular waves developed around every
defect and began propagating outward into the medium.

We study the influence of the strength Ey and angular
frequency of the CPEF wcpgr on excitation waves. When
Ey < 0.5 V-cm™!, the transmembrane potential around the
defects cannot reach the excitation threshold. The excitation
wave cannot be stimulated around the defects to form a wave
train. Consequently, when the Ey increases to a sufficient level,
it becomes possible to sustainably excite waves. It is note-
worthy that the frequency of the generated excited wave train
Wwave displays stability and remains constant in the presence
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of higher electric field strengths, as demonstrated in Fig. 2(e).
However, it has been demonstrated that variations in the Wcpgg
directly influence the @Wwaye. As illustrated in Fig. 2(f), the
Owave displays a 2:1, 3:1, 4:1 locking relationship!*3%401 as

ocpgr increases. It is also noteworthy that in instances where
the wcpgr is excessively low or during transitional phase ra-
tios, turbulent phenomena may emerge. These specific cases
are not documented in this study.

(a) Y (b) 3 (c)
1 2 L y
S = N
‘ 3
0 @0
Q
% o
8} 5 [ﬂo
z 4 Il CPEF
3
8 S
s Y
9 ‘ ° E,= Egsin(wt) T
(d) t=06 ms t=17 ms t =25 ms

(e) 0.10
T
n
£ 0.08f
3 I T T Y T T T |
Nl
® 0.06
‘g . N . s
3 0.6 0.8 1.0 1.2 1.4
E, (V-em™})

(f

t =45 ms

) 0.10 ' {
e i i
P i at i
g 0.08 i o ji
o » i -
[} | |
E i i
. 0.061 ¥
Z [ |
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weppr (rad-ms™1)

Fig. 2. Waves induced by CPEF. (a) Defects parameter setting. (b) Distribution diagram of random defects in medium. (c) Clockwise rotating
CPEF. (d) Wave emission under the CPEF. The electric strength is 0.6 V-cm™!. The angular frequency is 0.14 rad-ms~!. Excitation wave angular
frequency @waye versus response electric field strength Eq (e) and angular frequency wcpgr (f).

In a similar manner, Fig. 3 demonstrates the application
of a series of low-voltage UEF pulses to the same myocar-
dial medium, with an electric field strength that is identical
to that employed in the CPEF case. The pulse duration was
fixed to 10 ms and the pulse period to 90 ms (these parame-
ters remained unchanged in all subsequent UEF simulations).
It is evident that, due to the directional nature of the UEEF, its
effect on the VEE around each defect is highly orientation-
dependent. In order to comprehensively evaluate this direc-
tional influence, the UEF was applied separately along the x-
axis and y-axis and the outcomes were compared.

As demonstrated in Fig. 3(a), upon the application of the
UEF along the y-axis, wave initiation was observed in the
vicinity of specific defects, commencing at t = 6 ms. By
17 ms, a greater number of defects exhibited wave emission;
however, four defects still failed to elicit any excitation and
remained unexcited until at least 45 ms. Furthermore, as illus-
trated in Fig. 3(b), when the electric field was oriented along
the x-axis, three defects did not generate any waves. The re-
sults indicate that, irrespective of the direction of application,
the UEF is unable to induce wave emission from all defects.
This finding highlights the limitation imposed by its direc-

tional dependence on effectively stimulating VEE across a het-
erogeneous tissue region.

In order to provide further elucidation on the wave gen-
eration behavior in the context of UEF stimulation, a classifi-
cation and analysis of the defects was conducted on the basis
of their capacity to induce wave emission. As demonstrated in
Fig. 2, the defects can be categorized into three distinct types.

Type I: defects 1, 9, and 10, which generated waves under
both UEF_y and UEF _x orientations.

Type II: defects 2, 5, and 7, which produced waves only
under UEF_y.

Type III: defects 3, 4, 6, and 8, which responded exclu-
sively to UEF _x.

In order to investigate the underlying electrophysiologi-
cal mechanisms, one representative defect from each category
(defect 1, defect 2, and defect 3) was selected and the tem-
poral evolution of the membrane potential around each defect
under electric field stimulation was monitored. The initiation
of waves is contingent on the membrane potential’s ability
to surpass a designated excitation threshold. Consequently,
our primary focus is directed towards the maximum potential
value that undergoes temporal fluctuations. As demonstrated
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in Fig. 4, the membrane potential surrounding each defect was
recorded over a 200 ms period under the respective electric
field conditions. It is important to note that all simulations
were performed under a weak electric field with a strength of
0.1 Viem™!.

As demonstrated in Fig. 4(a), under conditions of CPEF

t=17 ms

t=06 ms

stimulation, the maximum membrane potentials of defect 1,
defect 2, and defect 3 were recorded at —78.96 mV, —78 mV,
and —78.04 mV, respectively. As these values increase with
the increase of electric field strength, when the electric field
strength is high enough, it will exceed the excitation threshold
and successfully trigger waves around each defect.

mV
0

HALO
—80

ImV

H —40
—80

o

Fig. 3. Wave emission under the UEF. (a) The electric field is vertical. (b) The electric field is horizontal. The electric strength
is 0.6 V-cm™!. Pulses of electric field were delivered with duration 10 ms and period 90 ms.

(a) CPEF

(b) UEF_y (c) UEF =

| |

:

‘/max ( IHV)
()

—84
—84

Ll
|

| —

0 100
t (ms)

200 0

| —
L

t (ms)

100 200 0
t (ms)

Fig. 4. The maximum membrane potentials Vipax over time f. The CPEF (a) and UEF (b)—(c) are applied at the same weak

electric strength of 0.1 V.cm ™.

Conversely, when UEF is applied along the y-axis (see
Fig. 4(b)), the membrane potential surrounding defect 3 attains
a maximum value of —81.24 mV, exhibiting minimal sensitiv-
ity to the external electric field. Concurrently, defects 1 and
2 manifested maximum membrane potentials of —79.44 mV
and —77.78 mV, respectively. In a similar manner, upon the
application of the UEF along the x-axis (see Fig. 4(c)), the
membrane potential surrounding defect 2 attained a maximum
of —81.98 mV, which persisted at a low level. Conversely, de-
fects 1 and 3 attained values of —79.44 mV and —77.86 mV,
respectively. These observations are consistent with the wave
generation patterns depicted in Figs. 3(a) and 3(b), thereby
providing a biophysical rationale for the differential responses
of the defects to UEF stimulation.

As demonstrated above, defect 1 is characterized by a cir-

cular nature, while defects 2 and 3 exhibit an elliptical form.
As shown in Fig. 4, the maximum membrane potential induced
around circular and elliptical defects under external electric
field stimulation exhibits notable differences. In order to in-
vestigate this phenomenon, defects 1 and 2 were selected for
further analysis. The temporal variation of membrane poten-
tial around each defect is examined by monitoring three spe-
cific locations on their boundaries. As shown in Fig. 5(a), for
circular defect 1, the curvature remains constant at all three
locations. Conversely, for the elliptical defect 2, the curvature
is maximum at locations a and ¢, and minimal at location b.
Firstly, the application of a CPEF with an electric
field strength of 0.1 V-cm™! and an angular frequency of
0.14 rad-ms~! is considered, corresponding to a period of ap-
proximately 44.86 ms. As demonstrated in Fig. 5(b), the tem-
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poral variations in membrane potential at locations la, 1b, and
1¢ of the circular defect (defect 1) under CPEF exhibit similar
waveforms, differing primarily in phase due to the rotation of
the electric field. This behavior is the result of the continu-
ous redistribution of membrane potential into depolarized and
hyper-polarized regions, which shifts position in synchrony
with the rotating CPEF.

b
—— UEF z b
(b) 780 la 1b lc
—84
>
g —88
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- /\/\/\ \/\/\/
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Fig. 5. The membrane potential around defects 1 and 2. (a) Location
diagram of a, b and ¢ on defects 1 and 2. CPEF is clockwise rotating and
the initial direction is along the y axis. UEF is along the x axis. (b) and
(c) The changes of the membrane potential over time under CPEF and
UEF. The electric field strengths are all 0.1 V-cm™ .

Specifically, as outlined in Table 2, the times at which
the membrane potential reaches its maximum at each location
were recorded. Initially aligned with the y-axis, the CPEF in-
duces periodic changes in polarization as it undergoes rotation.
For the circular defect 1, at ¢t = 3.85 ms, location 15 becomes
depolarized and reaches a peak potential of —80.55 mV. At
t = 46.5 ms, another peak of —79.75 mV occurs. It is evi-
dent that at t = 13.3 ms, location la enters a depolarized state,
peaking at —79.75 mV. This is followed by another peak of
—79.75 mV at ¢t = 57.7 ms. In a similar manner, location 1c¢
attains maximum values of —79.75 mV at t = 35.4 ms and
t = 80.2 ms. As demonstrated in Fig. 5(b), these peak vari-
ations exhibit a periodic pattern. The time intervals between
consecutive peaks at locations 1a, 1b, and 1¢’ are 42.65, 44.4,
and 44.8 ms, respectively, and align closely with the rotation
period of the CPEF. The sequential activation intervals be-
tween successive peak events are 9.45 ms, 21.1 ms, 11.2 ms,
and 22.5 ms. Subsequent to the application of the CPEEF, the

initial depolarized region is identified as location 1. After
approximately one-quarter of a rotation cycle, depolarization
shifts to location la, and following an additional half cycle,
to location 1c. The uniform curvature of the circular defect
enables the membrane potential to attain comparable maxi-
mum values at each location over time. It should be noted that
the initial peak following electric field application may deviate
slightly due to the influence of the medium’s initial state.

Table 2. Maximum membrane potential and time at each defect location
via CPEF.

. Maximum membrane Time
Location K
potential (mV) (ms)
—79.75 13.30
“ ~79.75 57.70
Circular b —80.55 3.85
defect 1 —79.75 46.50
—79.75 35.40
¢ ~79.75 80.20
—82.13 12.20
“ ~82.13 57.10
Elliptical b —80.17 4.25
defect 2 —79.15 46.85
—82.13 34.65
¢ 8213 79.55

In a similar manner, for the elliptical defect (defect 2),
the membrane potential at location 2b peaks at —80.17 mV
and —79.15 mV at 4.25 ms and 46.85 ms, respectively. At
location 2a, the membrane potential reaches a maximum of
—82.13 mV at 12.2 ms and 57.1 ms, while at location 2c, it
peaks at —82.13 mV at 34.65 ms and 79.55 ms. The time
intervals between these two consecutive peaks are 42.65 ms,
44.4 ms, and 44.8 ms, which closely match the rotational pe-
riod of the CPEF. The sequential activation time intervals be-
tween successive peaks are 7.95 ms, 22.45 ms, 10.25 ms and
22.45 ms. In accordance with the behavior observed in the
circular defect, location 2b initially functions as the depolar-
ized region. Subsequent to approximately one-quarter of a cy-
cle, the depolarization shifts to location 2a, and after an addi-
tional half cycle, to location 2c. However, as demonstrated
in Fig. 5(b), the membrane potential responses at locations
2a, 2b, and 2c of the elliptical defect manifest substantial dis-
parities beyond the phase shift induced by the CPEF rotation.
These variations are attributed to disparities in local curvature.
Specifically, at location 2a, where the curvature is relatively
high, the peak membrane potential is comparatively low. Con-
versely, at location 2b, characterized by the smallest curvature,
the membrane potential attains its maximum amplitude. In a
similar manner, the peak value at location 2¢, which is also a
high-curvature region, is reduced.

In the following section, the response to the application
of a UEF will be examined. The UEF has an electric field
strength of 0.1 V-cm™!, a pulse interval of 90 ms, and a pulse
duration of 10 ms. As demonstrated in Fig. 5(c), upon the
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application of the UEF along the x-axis, the membrane po-
tential within both circular defect 1 and elliptical defect 2 is
redistributed into depolarized and hyper-polarized regions, the
positions of which remain constant over time. In both defects,
region la becomes depolarized, and the membrane potential
rapidly reaches its maximum. It is evident that, owing to the
low curvature at la in the circular defect, the membrane po-
tential attains a value of —79.68 mV. Conversely, at the same
location in the elliptical defect, where the curvature is higher,
the membrane potential reaches only —82.1 mV. Following
an additional UEF cycle, the membrane potential once again
attains its maximum value at this particular location. Concur-
rently, region 1c¢ becomes hyper-polarized, and its membrane
potential rapidly declines to the minimum value, undergoing
a cyclical pattern with each subsequent pulse. At location 15,
which is situated precisely on the boundary between the depo-
larized and hyper-polarized regions, the membrane potential
remains largely unchanged throughout the stimulation.

Consequently, for circular defects, waves can be elicited
promptly after the application of either CPEF or UEEF, pro-
vided that the radius is sufficiently large to exceed the excita-
tion threshold and the electric field strength is adequate. In the
case of elliptical defects, however, the response is found to be
dependent on the electric field type. In the context of UEF, the
phenomenon of depolarization frequently aligns with regions
characterized by elevated curvature. This occurrence can lead
to a diminution in the maximum achievable membrane poten-
tial, which may not attain the threshold necessary for the ini-
tiation of waves, even in the presence of substantial external
fields. Conversely, the application of a rotating CPEF enables
a continuous shift in the direction of the field, thereby allowing
the polarization to align periodically with regions of reduced
curvature. In such regions, the membrane potential can attain
higher values, thus facilitating wave excitation provided that
the field strength is sufficiently high. This differential behav-
ior elucidates the distinct patterns of wave generation via the
VEE observed in Figs. 2 and 3 under the two electric field
configurations.

It has been established that under CPEF, a greater num-
ber of defects can elicit VEE, initiate circular waves, and sup-
port their outward propagation. It was demonstrated that upon
the application of an external electric field with a strength of
0.6 V-cm~! for a considerable duration, each defect functions
as a virtual electrode. This results in the periodic generation
of excitation waves along the periphery of the defect, in syn-
chrony with the rotating field. This phenomenon is illustrated
in Fig. 6(a). Conversely, the behavior exhibited under UEF
is distinctly divergent. It is evident that during the process
of UEF generating excitation waves, each defect will generate
excitation waves and propagate outward, thereby affecting the
excitation waves generated by other surrounding defects. Con-
sequently, not all defects invariably generate excitation waves

in a continuous manner. As demonstrated in Figs. 6(b) and
6(c), the excitation waves generated by each defect were ob-
served under prolonged application of UEF. Upon the appli-
cation of the UEF along the y-axis at t = 0.325 s, six defects
(1,2,5,7,9, and 10) effectively generated excitation waves.
However, in the subsequent cycle at t = 0.435 s, no excita-
tion wave was produced around defect 10 (highlighted by a
red dotted circle). This failure was observed to persist into
the third cycle at t = 0.530 s. In a similar manner, when the
UEF was applied along the x-axis at r = 0.326 s, excitation
waves emerged around seven defects (1, 3, 4, 6, 8, 9, and 10).
However, during the second and third cycles, defects 8 and 10
ceased to generate waves. It is evident that while UEF has the
capacity to instigate the propagation of excitation waves, the
number of defects capable of sustaining wave emission dimin-
ishes over time due to mutual wave interference. Numerical
simulations have been conducted to investigate the efficacy of
utilizing UEF applied along the y-axis or along the x-axis in
terminating spiral wave turbulence. The results obtained from
our simulations have confirmed that neither UEF application
could effectively terminate the turbulent state.

t=0.288 s t=0.376 s t=0.461 s
(a) q’ ‘,‘ mV
(3] ° o 0
o : |
oo 0 Q
200 . da%
t—03253 t—043as t=0.530 s
(b) mV
0
. —40
\ —80
t=0.326 s 1—0550';

i" Mf,

Fig. 6. Waves emission. (a) Applied CPEF with clockwise rotation along
the y axis in the initial direction. The electric strength is 0.6 V-cm™!. (b)
and (c) The directions of UEF are vertical and horizontal, respectively.
The electric strengths are all 0.6 V-cm™!

3.2. Effective termination of turbulence by dynamically
adaptive CPEF

It has been demonstrated that CPEF has the capacity to
promote the periodic and sustained generation of excitation
waves in the vicinity of each defect. The present study investi-
gated the phenomenon of CPEF induced VEE in the presence
of spiral wave turbulence within the myocardial medium. In
the absence of external intervention, the medium remains in a
persistent turbulent state characterized by continuously evolv-
ing spiral waves, whose number and location are subject to
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change due to mutual collisions and propagation. As demon-
strated in Fig. 7(a), these free spiral waves can be observed
traversing the defect.

t=1.000 s t=2.000 s t—dOOOs
d)q‘? Imv
t=0s t=1.000 s f—lOQOs
?p

t=1.740 s

CPEF
0 0.5 1.0 1.5 2.0 2.5 3.0

t (s)

Fig. 7. Suppression of two-dimensional spiral turbulence by CPEF.
(a) Spiral turbulence. (b) Applied CPEF from 1 s to 2 s, the electric
strength is 0.6 V-cm™!. (c) The membrane potentials of the red location
in (b) over times.

As demonstrated in Fig. 7(b), a CPEF with an electric
field strength of 0.6 V.cm™!
0.14 rad-ms™
tained for 1 s. Atr = 1.02 s, excitation waves began to emerge

and an angular frequency of
I was initiated at 7 = 1.00 s, and this was main-

around specific defects and propagate outward. However,
throughout the process, the subset of defects capable of gen-
erating excitation waves exhibited periodic fluctuations, with
their number also demonstrating variability. This phenomenon
can be attributed to the dynamic properties of the excitable
medium, wherein re-excitation necessitates the restoration of
the medium to an excitable state in proximity to the resting
membrane potential. In certain instances, despite the initia-
tion of waves, the formation of stable circular waves is im-
peded due to collisions with adjacent turbulent activity. In
other cases, defects have not yet fully recovered to an ex-
citable state, rendering wave generation impossible. Never-
theless, under appropriate conditions, each defect retains the
At times t = 1.31 s and
t = 1.5 s, the formation of relatively complete circular waves

capacity to emit excitation waves.

around multiple defects was observed, which then propagated
outward. By r = 1.74 s, only a few turbulent waves remained
in the medium, located within the red dashed box in the lower
right corner. At a time of two seconds, the CPEF ceases, thus
halting the emission of waves in the vicinity of defects. At
t = 2.08 s, only two waves remain in the medium. Through
repeated interactions and propagation, all wave activity either

annihilates or is expelled from the medium. In conclusion, the
overall structure reverts to a state of rest.

The analysis indicates that the application of a CPEF can
effectively suppress spiral wave turbulence in the presence of
multiple defects. Due to the phase-locking phenomenon, the
frequency of CPEF was 0.14 rad-ms™!. This resulted in the
emission of circular waves from the defects at a frequency of
0.069 rad-ms~!, slightly higher than the initial turbulent fre-
quency of 0.060 rad-ms~'. Notably, successful elimination of
spiral wave turbulence is accomplished with an exceptionally
low electric field strength of merely 0.6 V-cm™!. This ap-
proach is in stark contrast to the clinically established method
for eliminating heart vortices, which relies on a high-energy
electric shock that depolarizes and hyperpolarizes heart tissue
with
external application reaching up to 360 J. CPEF signifies a

through a voltage gradient of approximately 5 V-cm™!,

low-voltage therapeutic strategy, offering a safer and gentler
alternative.

4. Discussion

4.1. Mechanisms of eliminating turbulence under multiple
defects

The mechanism and effectiveness of electric fields in
eliminating turbulent waves under varying defect conditions
are of central concern. In single-defect cases, the driving of
turbulent waves is primarily reliant upon the generation of
high-frequency excitation waves,!*”! in accordance with the
principle that high frequencies are capable of driving low
frequencies.[*!*2! 1t is evident that the higher the frequency
of the excitation wave, the faster the turbulent wave will be
driven. However, in the event of a significant number of de-
fects being present in the medium, the situation becomes more
complex. Research conducted in 2011 demonstrated that ex-
citation waves surrounding defects have the capacity to syn-
chronize the medium’s electrical activity, thereby facilitating
the suppression of turbulent waves.!!'”) Provided that excita-
tion waves are generated in the surrounding area, medium syn-
chronization can be achieved, thereby creating conditions for
the elimination of turbulent waves.

The findings of the present study demonstrate that CPEF
exhibits significant advantages over UEF in the elimination of
turbulent waves through multi-defect synchronized excitation.
The excitation of a substantial number of excitation waves
from more defects is facilitated, achieving more efficient syn-
chronized excitation effects and providing a more effective ap-
proach for eliminating turbulent waves. Moreover, the pres-
ence of numerous natural defects, such as blood vessels, in
real heart tissue renders the discussion of multi-defect scenar-
ios more practically relevant. In scenarios involving multiple
defects, numerical simulations demonstrate that when the ex-
citation wave frequency exceeds the turbulent state frequency,
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excitation waves are continuously and stably generated around
defects. However, the duration of electric field application is
not significantly affected by the excitation wave frequency due
to the complex interaction between multi-defect distributions
and turbulent waves.

Defects in actual heart tissue are frequently complicated
and irregular in shape. In computer simulations, random circu-
lar and elliptical defects overlap to form more complex defect
configurations. As illustrated in Fig. 5, the membrane poten-
tial is distributed around circular and elliptical defects in the
presence of an external electric field. It has been demonstrated
that, in the presence of an external electric field of sufficient
intensity, the capacity for membrane potential redistribution at
non-uniform boundaries, and the ability to exceed the excita-
tion threshold, is contingent upon the curvature at the respec-
tive location. It is evident that, due to its rotational properties,
CPEF is capable of consistently locating suitable curvature to
generate excitation waves when encountering complex-shaped
defects. Consequently, it can be deduced that the intricate ge-
ometry of defects exerts a few influences on the excitation
waves generated in their surrounding areas. However, under
the influence of complex turbulent waves, the collision be-
tween excitation waves generated by complex defect shapes
and turbulent waves can lead to more complex dynamic be-
haviour, warranting further investigation and discussion.

4.2. The success rate of driving turbulence

In order to further investigate the influence of electric
fields on turbulent waves, a number of defect configurations
for different turbulent waves were randomly generated and the
CPEF was applied. An in-depth analysis was then conducted
to ascertain the effect of the duration of electric field applica-
tion on the expulsion of turbulent waves. Research has demon-
strated that, due to the rotational characteristics of the CPEF,
the onset time of its virtual electrode is not constrained by tur-
bulent conditions. During the chaotic propagation of turbulent
waves, excitation waves are generated around each defect, ex-
erting a driving effect on the turbulent waves. As an increasing
number of defect-induced excitation waves are generated, the
medium gradually synchronizes with these excitation waves,
causing the turbulent waves to dissipate. Given that the state
of the turbulent waves varies at different times in each spe-
cific scenario, the duration of the applied electric field is not
fixed. However, the criterion for ceasing the application of the
electric field remains consistent each time: when nearly all de-
fects within the medium have generated excitation waves and
the medium begins to synchronize with these excitation waves,
the electric field is discontinued. At this juncture, the medium
reverts to its quiescent state. Furthermore, in the present study,
CPEF is applied continuously. However, given the established
lock-in relationship between the applied electric field and the

frequency of the excitation waves generated, further consider-
ation will be given to the implementation of a pulsed electric
field in subsequent studies. It is important to note that each
pulse corresponds to one CPEF rotation cycle, with the objec-
tive of minimizing energy loss. In our 2022 publication, >4
we presented data on the success rate for single-defect-driven
turbulent waves. The application of the electric field was ex-
tended for a duration of 2 s, resulting in a substantial increase
in the success rate from 15% to 100%. However, in the cur-
rent numerical simulation process, when confronted with more
complex defect configurations, the success rate of driving tur-
bulent waves exhibits significant variation for each distinct de-
fect arrangement and turbulent waves. The duration of elec-
tric field application continues to exert a substantial influence
on this success rate. It is evident that considering only a sin-
gle multi-defect scenario is inadequate in terms of both repre-
sentativeness and generalizability. To achieve more compre-
hensive and reliable results, further numerical simulations are
necessary. This will become a key focus of our subsequent
research, and we will continue to explore it in depth.

5. Conclusion

The present study establishes the efficacy and mecha-
nism of low-energy defibrillation using CPEF, targeting life-
threatening ventricular fibrillation. It has been confirmed that
CPEF leverages myocardial heterogeneities as virtual elec-
trodes, thereby generating localized polarization and eliciting
excitation waves. In contrast to the fixed directionality of the
UEF, the rotating CPEF vector enables precise adaptation to
the complex distribution of heart tissue defects. In a myocar-
dial model incorporating multiple defects of varying sizes,
shapes, and non-uniform spatial distribution, CPEF at only
0.6 V-cm™! successfully induced excitation waves to termi-
nate arrhythmia. In the context of spiral wave turbulence, pe-
riodic excitation from CPEF polarized regions has been shown
to progressively suppress chaotic activity and restore electro-
physiological stability. This study demonstrates that CPEF
offers significant advantages and considerable potential as a
low-energy, non-invasive strategy for treating arrhythmia. It is
anticipated that, in view of the ongoing enhancement and val-
idation of technology, CPEF has the potential to emerge as a
promising low-energy alternative for clinical arrhythmia inter-
vention.
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